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Purpose: The purpose of this study was to investigate how sustained convergence induces phoria adap-
tation and changes divergence dynamics.
Methods: Near dissociated phoria and divergence step responses were recorded using an infrared eye
movement monitor on four binocularly normal subjects. We tested three different adapting vergence
positions (16, 6, and 0.5) and measured 4 divergence step responses for two different initial vergence
positions (16 and 4.5). Dynamics were quantiﬁed by measuring peak velocities of the divergence
responses.
Results: Phoria was signiﬁcantly adapted after subjects ﬁxated on a sustained convergent target at near
(16) and at far (0.5). As a result of sustained convergence, divergence peak velocity from a 4 step stim-
ulus signiﬁcantly changed. A regression analysis showed that when the phoria became more esophoric
(near adapted) the peak velocity for the divergence steps with an initial position of 16 decreased
(R = 0.54, p = 0.04). A trend was observed between the change vergence velocity and the change in phoria.
Change was deﬁned as the post-adapted data minus the pre-adapted data for vergence steps with an ini-
tial position of 16 (R = 0.65) and 4.5 (R = 0.66). Furthermore, the modiﬁcation of divergence dynamics
was dependent on the initial position of those divergence steps (initial position of 16 versus 4.5).
Conclusion: As a result of sustained convergence, phoria and divergence dynamics changed in a corre-
lated manner. Such correlated changes in phoria and divergence dynamics are not explained by current
models of disparity vergence eye movements.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
The eyes rotate inward (convergence) or outward (divergence)
to view targets located at different depths. Vergence (the inward
or outward movement) is stimulated by retinal disparity, blur
and/or proximal cues. When one eye is occluded, the stimulus be-
comes monocular and the occluded eye decays to its heterophoria
or phoria level. Heterophoria is dependent upon accommodative
convergence, proximal cues and vergence adaptation (Ehrlich,
1987; Schroeder, Rainey, Goss, & Grosvenor, 1996).
The study of vergence eye movements dates back to Westhei-
mer and Mitchell (1956). Numerous studies have led to models
of the disparity vergence system; these models can be classiﬁed
into two types: those of only negative feedback control and those
with pre-programming combined with feedback control. In nega-
tive feedback control, the output is continuously modiﬁed such
that the difference or error between the input and output is ad-
justed until it is approximately zero. For the models that use onlyll rights reserved.
z).negative feedback control, they can be further divided into those
composed of single continuous negative feedback control (Krish-
nan & Stark, 1977; Rashbass & Westheimer, 1961; Schor, 1979)
and those using multiple disparity channels where each channel
is under feedback control (Patel, Ogmen, White, & Jiang, 1997;
Pobuda & Erkelens, 1993). Models that incorporate feedback with
a pre-programmed element have also been presented to describe
disparity vergence (Hung, Semmlow, & Ciuffreda, 1986; Jones,
1980; Semmlow, Hung, Horng, & Ciuffreda, 1994).
Only a few models have tried to incorporate other factors that
may inﬂuence the vergence system such as the tonic and/or
phoria level (Hung, 1992; Schor, Alexander, Cormack, & Steven-
son, 1992). Schor’s model uses a transient and sustained ele-
ment. The transient component is the pre-programmed-phasic
element within the model. The sustained component is the feed-
back controlled or the tonic component. This model further uses
a recruitment mechanism that is an order of magnitude slower
than the transient component. As sustained convergence expo-
sure duration is increased, the greater the recruitment of neu-
rons thereby increasing the output of the sustained component,
and reducing the drive from the transient component. Hung’s
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neurons increase their time-constants proportionally to the sus-
tained convergence duration. In both models, the transient com-
ponent is considered to be nonadaptable. Furthermore, both
models assume identical dynamic behavior during convergence
and divergence movements. The only model that could account
for sign dependent adaptation was proposed by Saladin (1986).
This model consists of separate sensorimotor pathways for con-
vergence and divergence where each pathway is similar to
Schor’s model.
A person’s phoria level is known to adapt depending on ver-
gence demand, the amount of near and/or far work as well as other
physiological factors (Schroeder et al., 1996), Phoria adaptation,
also referred to as prism adaptation, occurs in our daily lives as a
person perceives visual stimuli located at different spatial depths
(Carter, 1963; Dowley, 1990; Hain, 1990; Mitchell & Ellerbrock,
1955; Ogle & Prangen, 1951; Schor, 1983; Sethi, 1986). Phoria
adaptation plays a key role in maintaining binocular vision while
performing near work (Cooper, 1992; Ehrlich, 1987). Studies have
also induced phoria adaptation with sustained convergence driven
by physical targets (Ying & Zee, 2006), a stereoscope (Han, Guo,
Granger-Donetti, Vicci, & Alvarez, in press; Morley, Judge, &
Lindsey 1992), or positive/negative lenses (Cheng, Schmid, &
Woo, 2008; Jiang, Tea, & O’Donnell, 2007). Phoria also changes
with orthoptics (vision rehabilitation), which is routinely used to
reduce symptoms related to prolong periods of near work (Cooper,
1992).
A near sustained convergent ﬁxation will cause the phoria to
become more esophoric (nasal eye rotation) compared to the
baseline measurement (Birnbaum, 1985; Ehrlich, 1987; Shebilske,
Karmiohl, & Profﬁtt, 1983). However, there is some controversy
as to how long binocular viewing should be maintained to induce
phoria adaptation. Brautaset and Jennings (2005) recommend
4 min of binocular ﬁxation to achieve stable phoria adaptation.
Similar ﬁndings have also been demonstrated for the associated
phoria, which is deﬁned as the deviation of the eye when both
eyes have a visual target which cannot be observed binocularly
via the use of ﬁlters or polarized lenses (Schor & Narayan,
1982).
Only a few studies have investigated how sustained conver-
gence inﬂuences the dynamics of disparity vergence (Patel, Jiang,
White, & Ogmen, 1999; Ying & Zee, 2006). Patel and colleagues
(1999) studied step changes in disparity after a sustained 6 con-
vergence task of 5, 30, 60, and 90 s. Their results showed that the
peak velocity of divergence responses decreased signiﬁcantly after
30 s or longer of sustained convergence compared to only 5 s,
while the convergence dynamics were unchanged for all the expo-
sure durations. They conclude that the transient component of the
horizontal disparity system adapts nonlinearly and independently
for convergence and divergence (Patel et al., 1999). Ying and Zee
(2006) did not study disparity vergence dynamics but systemati-
cally studied the passive decay of divergence from a convergence
stimulus of 30 after 4 s of ﬁxation and again after 36 s of ﬁxation.
The dynamics of the divergence decay were faster after 4 s of
ﬁxation compared to 36 s of ﬁxation suggesting that sustained
convergence inﬂuences divergence decay dynamics (Ying & Zee,
2006).
The purpose of this research was to test three different adapting
vergence positions (16, 6, and 0.5) and measure 4 divergence
responses for two different initial vergence positions (16 and
4.5). Subjects participated in four experimental sessions where
phoria and divergence eye movements were quantiﬁed using an
infrared eye movement monitor. The two parameters that were
varied were the sustained convergent position and the initial posi-
tion of the divergence 4 step to determine if and how these vari-
ables affected vergence dynamics.2. Methodology
2.1. Subjects
Five subjects (two males and three females), 21–65 years of age,
who were able to easily perform the paradigms described below,
participated in this study. Previous research has shown that ver-
gence dynamics decrease with age (Rambold, Neumann, Sander,
& Helmchen, 2006); however, our eldest subject had similar ver-
gence dynamics to the other four younger subjects. Hence, his data
were included in this analysis. All subjects had normal binocular
vision assessed by the Randot Stereopsis test and did not need
refractive correction over the range of this experiment. All subjects
signed an informed consent before the experiments that was ap-
proved by the New Jersey Institute of Technology (NJIT) Institu-
tional Review Board (IRB). None of the subjects are authors of
the paper, however, one of the subjects (subject 2) was aware of
the objective of this study prior to the experiment while, the other
four subjects were not. Subjects S1–S4 participated in the experi-
ment to study the inﬂuence of sustained convergence on phoria
and divergence movements.2.2. Materials and apparatus
Horizontal vergence eye movements were recorded using an
infrared (k = 950 nm) monitor manufactured by Skalar Iris (model
6500, Netherlands). The linearity of the system was ±25 or
46.6D, with a resolution of 0.1 or 0.17Dmeasured empirically un-
der these test conditions. Two computer screens were used to gen-
erate a symmetrical disparity vergence stimulus along the subject’s
midline. The stimuli screens were placed 40 cm away from the
subject.
The stimulus was a green vertical line 3 cm (3.8) in height and
2 mm (0.25) in width with a black background and remained ﬁxed
throughout the experiment when a visual stimulus was present.
During the experiment, only the visual stimuli displayed on the
computer screens were seen by the subject. The subject’s head
was restrained using a chinrest/headrest assembly. Visual stimuli
were displayed via a haploscope.
The oculomotor responses were calibrated, recorded, and saved
separately for off-line analysis. Calibration points were viewed bin-
ocularly along the subject’s midline using 16 and 8 combined
vergence demand stimuli for the near vergence steps (initial stim-
ulus position was 16). Similarly, the calibration points for the far
vergence steps (initial position of 4.5) were viewed binocularly
using stimuli that were 4.5 and 0.5 combined vergence demand
for the far vergence steps. Stimuli were viewed along the subject’s
midline. Digitization of the eye movements was performed with a
12-bit digital acquisition (DAQ) hardware card (National Instru-
ments 6024 E series, Austin, TX, USA) with a range of ±5 volts.
The entire system was controlled by a custom LabVIEWTM 8.0 pro-
gram (National Instruments, Austin, TX, USA), which generated
the visual stimulus and digitized the individual eye movement
sampling at a rate of 200 Hz, which was well above the Nyquist
frequency for vergence eye movements. A custom MatlabTM 7.0
(Waltham, MA, USA) program was used for off-line data analysis.2.3. Experimental design
2.3.1. Baseline phoria and divergence eye movements without
sustained convergence
To quantify baseline phoria and divergence dynamics, subjects
participated in one session. Phoria was initially recorded followed
by 4 divergence eye movements. The divergence eye movements
were recorded at two different initial vergence angles (near or 16
2962 Y.Y. Lee et al. / Vision Research 49 (2009) 2960–2972and far or 4.5) and were randomly presented at these two posi-
tions. These data yielded the baseline or pre-adapted phoria and
divergence eye movement responses.
2.3.2. Inﬂuence of sustained convergence on divergence movements
We measured the subject’s phoria position and divergence
dynamics after a sustained convergent ﬁxation to determine if a
correlation between changes in divergence dynamics (post-sus-
tained convergence versus pre-sustained convergence) and
changes in phoria level (post-sustained convergence versus pre-
sustained convergence) existed. Three different sessions were per-
formed. The protocol is schematically shown in Fig. 1. In each ses-
sion, the observer binocularly ﬁxated on a stimulus for a sustained
period of time. The convergence angle of the ﬁxation stimulus was
16 (close to the subject), 6 (midway between ﬁxation stimuli) or
0.5 (far from the subject). After sustained convergence, we re-
corded divergence responses to 4 step changes in disparity from
an initial convergence position. The initial convergence position
was 16 (near) or 4.5 (far). Similar data were also obtained prior
to exposure to sustained convergence but these data were obtained
in a separate session. In addition, phoria measurements were ob-
tained before and after sustained convergence as well as after each
set of divergence steps. Note, that the ﬁxation disparities in our
study are expected to be relatively small compared to the diver-16
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Fig. 1. Experimental Design. SC3min is 3 min of sustained convergence; DF: 4 divergenc
step from initial position = 16; and Ph: measure phoria (see text).gence step disparity of 4 (Patel, Jiang, & Ogmen, 2001), thus, we
assume that all the divergence step responses are generated by lar-
gely the same retinal stimulus disparity.
2.3.2.1. Phoria measurement. The near dissociated phoria was
objectively measured using an infrared system where the experi-
ments occurred in darkness. The subject binocularly viewed a pair
of vertical lines located at 4.22 per eye which corresponds to a tar-
get 40 cm or 16 in. away from the subject’s midline, similar to what
is recorded clinically. Prior to this study, phoria measurements
using our eye movement monitor system were validated with
the Maddox rod using the Bernell Muscle Imbalance Measure
(MIM) card (Bernell Corp., South Bend, IN, USA) which is calibrated
for the right eye (Han et al., in press). Hence, for consistency, the
right eye was used to measure near dissociated phoria in the pres-
ent study. A binocular target was presented for 2.5 s. Then, the
right eye stimulus was extinguished and the eye position that de-
cayed to the phoria level was recorded for 15 s, followed by a four-
point calibration to assess the linearity of the eye movement
recording system over the range of possible eye movement. A
four-point calibration was used to ensure the eye movement re-
sponses were within the calibration range since it was unknown
prior to the study the extent to which each subject’s phoria would
be changed after the sustained convergence. The four calibrationSC SC SC
nce (Adapted far)
Repeated 
30 times
DN
hP Ph
hP Ph
ce (Adapted middle)
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e step from initial position = 4.5; SC: 30 s sustained convergence; DN: 4divergence
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ibration stimulus was 2 into the left visual ﬁeld from midline. The
second calibration stimulus was on midline. The third and fourth
point were 4 and 9 into the right visual ﬁeld which equates to
a potential phoria range of 3.5D eso to 15.8D exo. The eye posi-
tion decay to phoria signal was converted into prism diopters, the
units clinically used. (One prism diopter = 100 tan h.)
Phoria was measured when the subject initially began the
experiment and again after 3 min of a sustained convergence task
on the haploscope. Phoria was measured two additional times to
determine if it remained approximately constant throughout the
remainder of the experiment. First, after far (initial position of
4.5) divergence steps which were alternated with 30 s of sus-
tained convergence and again after near (initial position of 16)
divergence steps which also alternated with 30 s of sustained con-
vergence (see Fig. 1).
2.3.2.2. Measurement of vergence dynamics. During one session,
subjects would ﬁxate on a binocular target at 0.5 for 3 min, see
Fig. 1 for the schematic of the protocol. Subjects would then per-
form 4 divergence steps starting at an initial position of 4.5.
The step was followed by 30 s of sustained convergence at 0.5.
The 30 s of sustained convergence after each divergence step was
used to ensure that all the parameters of the vergence system that
may have adapted after the initial 3 min of sustained convergence
remain adapted during the collection of divergence step responses.
This was repeated 30–40 times dependent on subject fatigue. Sub-
jects were asked to inform the experimenter if fatigue occurred. If
the subject began to report fatigue, the experiment would stop for
that session. The subject then performed 4 divergence steps
beginning at an initial position of 16 and ending at 12. The step
was followed by 30 s of sustained convergence at 0.5. Depending
upon subject fatigue, 30–40 divergence responses were recorded.
The same 4 steps with an initial position of 4.5 or 16 were re-
peated during the second session; however, the sustained conver-
gence was 6 (middle adapting position) instead of 0.5. The third
session was similar to the prior sessions; however, the sustained
convergence was 16 (near adapting position close to the subject)
instead of 0.5 or 6. Divergence 4 steps were presented after a
0.5 s delay plus an additional random delay of up to 1.5 s to avoid
prediction which has been shown to increase the peak velocity of
vergence movements (Alvarez, Bhavsar, Semmlow, Bergen, & Pedr-
ono, 2005a; Alvarez, Semmlow, Yuan, & Munoz, 2002). Responses
were recorded for 3 s. Data were saved to the computer and ana-
lyzed off-line.
In summary, six types of 4 divergence movements were re-
corded: (1) after three angles of sustained convergence (0.5, 6,
or 16) and (2) after two different initial vergence position angles
(16 and 4.5).
2.4. Effect of accommodation on vergence dynamics
To ensure that accommodative vergence was not inﬂuencing
peak velocity of divergence, a separate experiment was conducted
using three different stimulus conditions that present different
blur to the accommodative system. Subjects S1, S3, and S5 partic-
ipated in the study of how different demands of accommodation
inﬂuence divergence. The ﬁrst stimulus was the green vertical
line described above on a haploscope where the focal length from
the displays to the lens is virtually constant throughout the
experiment. The second stimulus was a Difference-of-Gaussian
stimulus on a haploscope using a spatial frequency of 2 cpd. A
Difference-of-Gaussian (DOG) stimulus elicits vergence responses
without any signiﬁcant accommodative stimulation (Kotulak &
Schor, 1987; Tsuetaki & Schor, 1987). The third stimulus used
physical targets which were light emitting diodes (LED) locatedat different depths from the subject and hence had different
accommodative demands. The disparity vergence demand was a
divergence 4 step presented from an 8 initial vergence demand
position where the initial target was located at 43 cm and the ﬁ-
nal target was located at 86 cm. Both targets were carefully
placed along the subject’s midline In summary, the green lines
on the haploscope stimulated constant accommodation, the
DOG stimulus on the haploscope provided virtually no stimula-
tion for accommodation, and the LED targets positioned at differ-
ent focal lengths provided different accommodative demands.
This experiment will compare the responses with different
accommodative demands to determine the inﬂuence of accom-
modation on peak velocity of divergence.
2.5. Data and statistic analysis
A custom program written in Matlab 7.0 (Waltham, MA, USA)
was used for all data analysis. Left-eye and right-eye movements
were ﬁrst converted to degrees using the individual calibration
data. The system has a high degree of linearity, within 3% between
±25 horizontally (Horng, Semmlow, Hung, & Ciuffreda, 1998);
hence, this study used a two-point calibration protocol for the 4
divergence disparity steps. This is different from the four-point cal-
ibration used to measure the eye movement responses decaying to
phoria because that response was over a much larger potential
range. It was unknown until the subject participated in the study,
precisely how much change in phoria would be generated by the
sustained convergence. Therefore, more calibration points were
used to ensure the eye position response decaying to phoria was
within the range of the calibration points. Furthermore, additional
calibration points allow the operator to test with a higher level of
certainty if the known stimulus position (in the units of degrees)
versus the recorded eye movement system values (in the units of
volts) were linear.
The left- and right-eye responses from the divergence step
stimuli were calibrated separately and disparity vergence was ob-
tained by subtracting the right-eye movement from the left-eye
movement to yield a net vergence response. Blinks and saccadic
eye movements were easily identiﬁed because of their faster
dynamics compared to vergence. Responses with blinks at any
point during the movement or responses with saccades during
the transient were omitted from the analysis because saccades
are known to increase the velocities of vergence responses (Zee,
Fitzgibbon, & Optican, 1992).
Divergence dynamics were assessed using a two-point central
difference algorithm to compute the vergence velocity response
(Bahill, Kallman, & Lieberman, 1982). The two-point central differ-
ence algorithm inherently ﬁlters the data. To ensure that the range
used within the algorithm did not inﬂuence the peak velocity of
divergence a very narrow range was utilized of ﬁve data points
and this range was increased to seven data points where peak
velocity did not change. Hence, a range of ﬁve data point does
not introduce artifacts to the peak velocity calculation. Further-
more, this study analyzes the relative changes in divergence peak
velocity across different viewing conditions and not necessarily
on the absolute value of the divergence peak velocity. Since, the
same ﬁltering algorithm was employed throughout the data anal-
yses; it should not differentially affect divergence peak velocity
across viewing conditions. The maximum value of the velocity tra-
jectory, peak velocity, was used to analyze the step divergence
dynamics.
The eye position response decaying to phoria was measured for
15 s where all responses reached a steady state within 12 s. Hence,
the last 3 s of the response were averaged to compute the phoria
level. Exophoria (temporal eye rotation) was plotted as negative
and esophoria (nasal eye rotation) was plotted as positive.
2964 Y.Y. Lee et al. / Vision Research 49 (2009) 2960–2972Data were statistically analyzed using repeated measures AN-
OVA and p-values were Greenhouse–Geiser corrected. There were
two major analyses performed: one for phoria and another for
divergence velocity. For the analysis of phoria, the two main fac-
tors were: the adaptation state (pre-adaptation and post-adapta-
tion) and the adapting vergence position (16, 6, and 0.5). The
interaction between adaptation state and adapting vergence posi-
tion was also included in the analysis. The adaptation state was
included because the pre-adaptation data observed in separate
sessions were similar to each other but not exactly the same.
Hence, the two-factor analysis allows the ANOVA to test if the
variability is from the adaptation state and allows for the study
of the interaction between adaptation state and adapting ver-
gence position. For the analysis of divergence peak velocity, the
three main factors were: adaptation state (pre-adaptation and
post-adaptation), the adapting vergence position (16, 6, and
0.5) and the disparity vergence initial position (16 and 4.5).
All the interactions were also included in the analyses. The pre-
adaptation responses were collected on different days to avoid
the inﬂuence of fatigue. There will be some variability in collect-
ing the responses on different days; however we assume that the
pre-adaptation responses which serve as the baseline or initial
condition can be compared to the 16, 6, and 0.5 adapting ver-
gence conditions.
Statistical calculations were performed using the software
package SAS 9 (SAS Institute Inc., Cary, NC, USA) and results were
plotted using the software package Axum 7.0 (Axum, Cambridge,
MA, USA) or with MATLAB (Mathworks, Waltham, MA, USA).0 5 10 15
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Fig. 2. Eye movement responses decaying to phoria position during baseline recording (
convergence (solid line), after 30 s of sustained convergence from the far step session (do
line) are all shown in the right plots. The eye movement response decaying to phoria is sh
sustained convergence adaptation, (b) using 6 sustained convergence adaptation, and (3. Results
3.1. Phoria adaptation after sustained convergence
Typical eye movement responses decaying to the phoria level
from subject 2 at the start of each of the three experimental ses-
sions are shown in Fig. 2 in the left plots. The eye movement re-
sponse decaying to phoria was measured after the 3 min
sustained convergence task for each sustained convergence exper-
iment (16, 6, and 0.5) and shown as a solid black line on the right
plots. The eye position response decaying to the phoria level was
measured following the divergence step sections of the experiment
to determine if the phoria was still adapted and is shown as a dot-
ted line and dashed line for the far and near steps sections respec-
tively. The responses in Fig. 2 are typical single recordings.
Interestingly, the baseline eye movement response decaying to
the phoria level was not always the same on each experimental
day as shown in each of the panels on the left side in Fig. 2. For
example, subject 1’s initial phoria levels were 6.8D exo, 7.5D exo
and 4.9D exo. Subject 2 also showed comparable variability of
12.3D exo, 9.4D exo, and 12.2D exo.
The sustained convergence stimulus did alter the phoria
depending on the task. Results are tabulated in Table 1 and shown
in Fig. 3. The main effect of adaptation stimulus type (16, 6, and
0.5) was signiﬁcant (F2,6 = 6.59, p < 0.04). The interaction effect of
phoria state (pre-adaptation versus post-adaptation) and adapta-
tion stimulus type was also signiﬁcant (F2,6 = 72.57, p < 0.0007).
Using contrast analysis, the sustained near convergence task (16D
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Table 1
Divergence peak velocity with standard deviation and the number of samples for the 4 divergence steps starting at 0.5 (far) and 16 (near) after three different sustained
convergence tasks of 16, 6, and 0.5. Baseline phoria levels, phoria after 3 min of sustained convergence (SC), and phoria after sustained convergence after the far and near steps
sessions are reported (D). Exophoria measures are negative and esophoria measures are positive.
Subject Experimental session 4 Far steps 4 Near steps Phoria (D)
Peak velocity (deg/s) N Peak velocity (deg/s) N Baseline 3 min SC 30 s SC far steps 30 s SC near steps
S1 16 Sustained adaptation 7.4 ± 1.7 21 16.8 ± 3.4 33 6.8 exo 2.2 exo 2.0 exo 3.1 exo
6 Sustained adaptation 9.2 ± 1.0 18 23.2 ± 5.1 22 7.5 exo 7.4 exo 8.1 exo 7.7 exo
0.5 Sustained adaptation 10.6 ± 2.5 28 24.7 ± 4.8 24 4.9 exo 9.0 exo 9.5 exo 8.8 exo
S2 16 Sustained adaptation 7.6 ± 1.5 11 12.4 ± 1.6 14 12.3 exo 7.2 exo 8.0 exo 7.5 exo
6 Sustained adaptation 9.2 ± 1.7 16 24.6 ± 5.5 14 9.4 exo 8.7 exo 8.0 exo 8.3 exo
0.5 Sustained adaptation 11.5 ± 2.5 28 31.5 ± 5.8 12 12.2 exo 14.1exo 14.2 exo 13.3 exo
S3 16 Sustained adaptation 10.7 ± 2.0 16 18.0 ± 3.0 39 4.1 exo 0.6 eso 0.1 exo 0.2 eso
6 Sustained adaptation 10.6 ± 2.1 16 20.5 ± 2.6 17 3.2 exo 4.2 exo 4.4 exo 3.8 exo
0.5 Sustained adaptation 11.1 ± 1.5 31 25.5 ± 4.9 22 3.6 exo 5.9 exo 4.8 exo 5.2 exo
S4 16 Sustained adaptation 16.4 ± 2.0 9 25.5 ± 4.5 22 5.8 exo 3.1 exo 2.6 exo 3.3 exo
6 Sustained adaptation 17.7 ± 3.3 12 28.6 ± 5.5 21 5.0 exo 5.2 exo 6.1 exo 4.8 exo
0.5 Sustained adaptation 17.7 ± 3.0 19 30.6 ± 5.3 19 7.9 exo 12.7exo 14.1 exo 13.2 exo
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convergence for four subjects. Post-adaptation responses are the phoria measures after the 3 min of sustained convergence. Bars are mean and error bars are one standard
deviation from the mean.
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(p < 0.0008). Similarly, after the sustained far convergence task
(0.5 ﬁxation), all four subjects became signiﬁcantly more exo-
phoric (p = 0.002). For the 6 sustained convergence task (middle),
the phoria did not show signiﬁcant changes (p > 0.7) compared to
baseline measures.
3.2. Effect of sustained convergence on divergence dynamics
To establish a baseline of how initial position inﬂuenced diver-
gence dynamics an experiment was performed on three of the fourTable 2
Divergence peak velocity measurements with one standard deviation from 4 far steps (i
measurement (D) without any sustained convergence.
Subject 4 Far steps 4
Divergence peak velocity (deg/s) N D
S1 6.51 ± 0.79 14 17
S3 8.78 ± 1.67 16 18
S4 13.15 ± 2.26 10 30subjects where the subject did not perform sustained convergence
prior to the divergence steps. This established a baseline of the
divergence dynamics without sustained convergence. Results are
tabulated in Table 2. The steps recorded also exhibit a similar trend
where divergence responses with an initial position of 16 are fas-
ter than divergence responses with an initial position of 4.5 and
serves as the pre-adaptation divergence responses.
Typical 4 step divergence responses from the six conditions
(sustained convergence at three locations and divergence steps
with an initial position of near or far) from subjects 1 and 2 are
shown in Figs. 4 and 5, respectively. Data are tabulated in Table 1.nitial position is 4.5) and 4 near steps (initial position is 16) with baseline phoria
Near steps Baseline phoria (D)
ivergence peak velocity (deg/s) N
.31 ± 2.25 13 7.2 exo
.54 ± 3.13 16 2.0 exo
.40 ± 4.3 11 6.4 exo
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Fig. 4. Typical divergence responses from a far initial position of 4.5 (left) and from a near initial position of 16 (right) under three sustained convergence conditions from
subject 1. Plots (a) and (b) are after 16 sustained convergence phoria adaptation; plots (c) and (d) are after 6 sustained convergence phoria adaptation and plots (e) and (f)
are after 0.5 sustained convergence phoria adaptation. The subject ﬁxated on a sustained convergence target for 3 min and then each step response is recorded after 30 s of
sustained convergence.
2966 Y.Y. Lee et al. / Vision Research 49 (2009) 2960–2972Observing the far steps inﬂuenced by the three different levels of
sustained convergence, there is a trend where the far steps are
slightly slower when the subject’s phoria was near adapted.
However, for the near 4 responses (those beginning at an initial
position of 16) substantial changes in divergence peak velocity
occurred depending upon the prior vergence demand of sustainedconvergence. When the phoria was adapted with 6 sustained con-
vergence, the divergence responses starting from an initial posi-
tion of 16 contained overshoots. The overshoots of the near
steps were further enhanced when the phoria was adapted to
0.5. Peak velocity for divergence movements is summarized in
Fig. 6.
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Fig. 5. Typical divergence responses from a far initial position of 4.5 (left) and from a near initial position of 16 (right) under three phoria adaptation conditions from subject
2. Plots (a) and (b) are after 16 sustained convergence phoria adaptation; plots (c) and (d) are after 6 sustained convergence phoria adaptation and plots (e) and (f) are after
0.5 sustained convergence phoria adaptation. The subject ﬁxated on a sustained convergence target for 3 min and then each step response is recorded after 30 s of sustained
convergence.
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adapted 4 step responses were quantiﬁed by peak velocity, Fig. 6.
To analyze divergence velocity three factors were analyzed: adap-
tation state (pre-adaptation and post-adaptation), adapting ver-
gence position (16, 6, and 0.5) and test vergence initial
position (16 and 4.5). The signiﬁcant main effects were adapting
vergence position (F2,4 = 18.38, p = 0.019) and test vergence initial
position (F1,2 = 107.44, p < 0.01). The signiﬁcant interaction effectswere adaptation state versus adapting vergence position
(F2,4=18.37, p = 0.019) and adaptation vergence position versus test
vergence initial position (F2,4 = 12.44, p = 0.032). The interaction ef-
fect of adaptation state versus test vergence initial position was not
signiﬁcant (F1,2 = 0.25, p = 0.65). Contrast analysis of the interac-
tion between adaptation state and adapting vergence position
showed that divergence velocity signiﬁcantly changed (pre-adap-
tation versus post-adaptation) for 6 (F = 25.73, p = 0.01) and 0.5
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Fig. 6. Peak velocity (deg/s) with standard deviation of all 4 divergence steps for responses with a near initial position of 16 (top) and with a far initial position of 4.5
(bottom). Pre-sustained convergence (white), after sustained convergence of 16 (black), after sustained convergence of 6 (dark grey), and after sustained convergence of 0.5
(light grey) are plotted. The number of samples is reported in Table 1.
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analysis of the interaction between adapting vergence position
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Y.Y. Lee et al. / Vision Research 49 (2009) 2960–2972 29693.3. Correlation between changes in phoria and divergence dynamics
The relationship between phoria level and peak velocity for the
near and far step divergence responses is plotted in Fig. 7. Data ob-
tained before and after sustained convergence are included in
Fig. 7. This plot shows that phoria level is correlated to divergence
peak velocity for near steps but not for far steps. The regression
analysis of the peak velocity of divergence near steps (initial posi-
tion of 16) compared to phoria displayed a signiﬁcant correlation,
(R = 0.54, p = 0.04). However, for the far divergence steps (initial
position of 4.5), the peak velocity was not correlated to phoria,
(R = 0.19, p = 0.59).
Furthermore, the relationship between the phoria change and
the change in divergence peak velocity for three observers is
shown in Fig. 8. For both initial vergence step positions (4.5 and
16), sustained convergence resulted in a decrease in peak velocity
when the phoria became more esophoric compared to the baseline
level (4.5: R = 0.66, p = 0.05; 16: R = 0.65, p = 0.06).-5                 -4                -3                 -2                 -1             
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Table 3
Comparison of 4 divergence steps all starting from an initial position of 8 using a Diffe
haploscope, and physical targets located at different depths from the subject. These targets
accommodation respectively. Divergence peak velocity is reported in deg/s with one stand
Subject Difference-of-Gaussian (DOG) stimulus presented
on haploscope (no accommodation)
Line stimul
(constant a
Velocity (deg/s) N Velocity (d
S1 9.8 ± 2.4 10 10.5 ± 1.5
S3 14.2 ± 2.2 14 13.9 ± 2.2
S5 14.1 ± 2.1 18 14.7 ± 1.63.4. Effect of accommodation on vergence dynamics
When the accommodative demand varied using stimuli that
created constant accommodative demand, virtually no accommo-
dative demand and different accommodative demand, no signiﬁ-
cant difference (p > 0.2) was observed in divergence peak
velocity, Table 3.
4. Discussion
4.1. Phoria measurements
After sustained convergence, the phoria did become more eso-
phoric after ﬁxation on a 16 target and more exophoria after ﬁxa-
tion on a target of 0.5. Another observation is the eye movement
response decaying to the steady state phoria level was not always
similar for the different experimental trials for every subject. Phoria
is inﬂuenced bymany factors one of which is near work (Birnbaum,     0                  1                  2                  3                 4                  5
ria Change (Δ ) 
Regression for Near Steps (solid symbols)
Regression for Far Steps (open symbols)
 Change in Phoria Level for Near and Far Steps
Esophoric Shift in Phoria
 0.56 - 1.07*Change Phoria; R=0.65 p=0.06
.85 - 0.26*Change Phoria; R=0.66 p =0.05
ergence steps of an initial position of 16 (solid symbols) and far divergence steps of
egression lines are plotted for near steps (solid line) and for far steps (dashed line).
oria changes refer to an esophoric shift in the phoria post-adaptation and negative
the baseline phoria measurement. Positive peak velocity changes refer to faster
ty changes.
rence-of-Gaussian (DOG) stimulus presented on a haploscope, a line presented on a
stimulate no blur-driven accommodation, constant accommodation and differences in
ard deviation and the number of responses (N).
us presented on haploscope
ccommodation)
Physical targets at different distances
(accommodation varies)
eg/s) N Velocity (deg/s) N
14 9.6 ± 2.3 14
19 13.1 ± 2.0 19
14 13.6 ± 1.6 13
2970 Y.Y. Lee et al. / Vision Research 49 (2009) 2960–29721985). The changes in baseline phoria could potentially be due to
the amount of near work the subject was performing prior to the
experiment (Birnbaum, 1985; Ehrlich, 1987; Shebilske et al.,
1983). Howarth and Heron (2000) note that one source of variabil-
ity in dissociated near phoria is due to physiological changes in the
subject such as fatigue, inattention, or changes in accommodation
status. Further investigation is needed to understand how phoria
variation may inﬂuence vergence responses.
4.2. Modiﬁcation of transient divergence
This paper supports and extends the research by Patel et al.
(1999) showing that sustained convergence inﬂuences the dynam-
ics of divergence responses. The divergence dynamics in this study
were found to adapt after sustained convergence. This adaptation
occurred for 6 (middle) and0.5 (far) but not for 16 (near) adapting
vergence positions. Further, the divergence dynamics at near (16)
but not at far (4.5) depended on the adapting vergence position.
4.3. Correlation between changes in phoria and divergence dynamics
Correlation analysis indicated a modest yet statistically signiﬁ-
cant relationship between divergence velocity and phoria at near
(16) but not at far (4.5) vergence position. A trend was observed
(p = 0.5 for far steps and p = 0.6 for near steps) between divergence
peak velocity adaptation and phoria adaptation. As the phoria be-
came more esophoric, the divergence peak velocity was reduced
and vice versa for exophoric shifts in the phoria. This relationship
was established with only three observers and we expect it would
reach a strong signiﬁcance if more observers were added. Further-
more, future studies experiments should be performed at approx-
imately the same time of day with as little near work done prior to
the experiment as possible. This would lead to a reduction in the
variability within the data where we would suspect stronger statis-
tical signiﬁcance. A question to address further is whether phoria
adaptation causes divergence velocity adaptation or whether they
both are a result of changes in a common neural substrate as a re-
sult of sustained convergence. Currently, the vergence models do
not accurately predict the modiﬁcations that sustained conver-
gence has on divergence dynamics and phoria.
This research also conﬁrms that divergence dynamics are
dependent on initial stimulus position (Alvarez, Semmlow, & Pedr-
ono 2005b; Patel et al., 2001). Patel and colleagues (2001) alter-
nated vergence demand around a pedestal position where
convergence and divergence were alternately stimulated. The ped-
estal positions were 2, 5 and 8. Divergence dynamics showed a
statistically signiﬁcant change dependent on pedestal position
where the less diverged the stimulus (closer to the subject), the
faster the divergence dynamics were compared to more diverged
(further from the subject) responses. They conclude this is a motor
nonlinearity in vergence because sensory stimulation is similar for
all vergence demands (Patel et al., 2001). The neural network mod-
el proposed by Patel and colleagues (1997, 2001) accurately mod-
els the initial position dependency of divergence because of the
dynamics of the position cells combined with the architecture of
the model. Using the Hodgkin–Huxley equation for membrane
dynamics, they show that even when the model parameters for
convergence and divergence are the same, the divergence re-
sponses at far will be slower than the divergence responses at near
and the convergence responses at near will be slower than those at
far. Thus, with equal parameters for the convergence and diver-
gence pathways, divergence responses at far would be slower than
divergence responses at near and convergence responses at near
would be slower than those at far. This model does not contain
any adaptable components and thus in its current form cannot ac-
count for the divergence velocity and phoria adaptation reportedhere. In 2005, Alvarez and colleagues investigated 4 vergence
steps from four different initial positions (20, 16, 12, and 8) and
concluded that divergence dynamics were faster when the stimu-
lus was closer to the subject compared to responses more distal.
They speculated this could be due to nonlinearity in the controller
or the plant (Alvarez et al., 2005b). In addition to the initial posi-
tion dependency, this present research also shows that for a given
initial position, divergence dynamics are modulated due to sus-
tained convergence.
An initial position dependency behavior has also been observed
in disaccommodation, focusing from a closer target to a distal tar-
get located further from the subject. Studies report that when the
magnitude of disaccommodation is held constant, the peak veloc-
ity of disaccommodation will be faster when it is closer to the sub-
ject compared to further away (Bharadwaj & Schor, 2006; Schor &
Bharadwaj, 2006; Yamada & Ukai, 1997). However, unlike ver-
gence, disaccommodative dynamics does not change with a change
in the resting focus of accommodation (Bharadwaj & Schor, 2006)
Bharadwaj and Schor conclude that the nonlinearity must be due
to a motor neural substrate because the oculomotor plant of ver-
gence is different from the plant of accommodation. The oculomo-
tor plant is composed of the lateral and medial recti muscles;
whereas, the accommodation plant is composed of the ciliary
muscles around the lens, crystalline lens, choroid, and suspensory
zonules (Bharadwaj & Schor, 2006; Schor & Bharadwaj, 2006).
There are a few studies that report lesions in the human cere-
bellum result in a decrease or loss of horizontal phoria adaptation
(Milder & Reinecke, 1983). In primates, evidence exists that phoria
adaptation resides in the cerebellum vermis VI/VII or the ‘‘oculo-
motor vermis” (Nitta, Akao, Kurkin, & Fukushima, 2008; Takagi,
Tamargo, & Zee, 2003). Morley and colleagues (1992) report that
cells within the midbrain of primates modulate their ﬁring rate
with phoria adaptation. Hence, there is evidence in the literature
suggesting cells in the cerebellum and/or the midbrain encode
for phoria adaptation. This could potentially be the signal that pro-
jects to divergence cells to modulate the neural control of disparity
divergence responses.
The accommodation system also shows evidence of adaptation.
For disaccommodation, plasticity has been described as a reduced
number of overshoots in the disaccommodation response (Bharad-
waj & Schor, 2006; Schor & Bharadwaj, 2006). Accommodation can
be modeled as control strategies that use independent accelera-
tion-pulse and velocity-step components that are integrated
respectively into phasic-velocity signals that control movement
and tonic-position signals that control magnitude. For accommo-
dation, the reduction of overshoots was modeled by increasing
the acceleration pulse width rather than acceleration pulse height
to control response peak velocity (Schor & Bharadwaj, 2006).
Other models that do include adaptable components suggest
that adaptation occurs via a recruitment mechanism (Schor et al.,
1992; Saladin, 1986) or via a time-constant modulation (Hung,
1992). However, these models do not incorporate any mechanism
by which divergence dynamics and phoria can adapt together as a
result of sustained convergence.
A model is needed that independently represents convergence
and divergence while also accounting for the inﬂuence sustained
convergence has on disparity dynamics. One potential possibility
is to modify the transient component of the Dual Mode model
for disparity vergence (Hung et al., 1986). The transient component
of the Dual Mode model could be adjusted by altering the width or
height of the transient component. Further experimentation is
needed to determine the time-constant and the change of disparity
dynamics relative to initial position that adaptation causes. Since
convergence dynamics are distinct from divergence, further study
is needed to investigate if convergence dynamics are inﬂuenced
by prior sustained convergence. Furthermore, more research is
Y.Y. Lee et al. / Vision Research 49 (2009) 2960–2972 2971needed to determine if an individual’s baseline phoria measure-
ments inﬂuence vergence dynamics.
4.4. Inﬂuence of accommodation on divergence dynamics
Our results show that accommodative demands do not signiﬁ-
cantly alter the initial divergence dynamics. A previous study com-
pared responses from a stimulus viewed through a pinhole which
produces a disparity only stimulus. That study showed that accom-
modative vergence does not inﬂuence the initial disparity vergence
dynamics because the accommodative vergence component begins
approximately 100–200 ms after the latency seen in disparity-dri-
ven components (Hung, Semmlow, & Ciuffreda, 1983). Hence, the
changes in peak velocity in divergence observed during this study
are not from differences in accommodative stimuli.
5. Conclusion
In summary, this research has shown that phoria adaptation as
a result of sustained convergence depends on the adapting ver-
gence position. Phoria became exophoric and esophoric for far
and near adapting vergence positions respectively. Phoria did not
change for the middle adapting vergence position. This research
has also shown that adaptation of divergence dynamics as a result
of sustained convergence depends on the adapting vergence posi-
tion. Divergence dynamics became faster for middle and far adapt-
ing vergence positions but did not change for the near adapting
vergence position compared to the pre-adaptation baseline. Fur-
thermore, this study conﬁrms previous ﬁndings that divergence
dynamics depend on the initial vergence position (Alvarez et al.,
2005b; Patel et al., 2001). Correlation analysis showed that a signif-
icant correlation exists between the phoria level and the diver-
gence peak velocity for steps with an initial position of 16. The
change in phoria was also correlated to the change in divergence
peak velocity where the more esophoric the phoria, the slower
the divergence peak velocity.
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